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(57) Abstract: A method of processing fuUerenes includes generating a gas stream having suspended soot particles and condens- 
able gases, wherein the condensable gases comprise fullerenes, and separating at least a portion of the condensable gases fiom the 
suspended soot particles using a gas/solid separations process. At least a portion of the fullerenes in the condensable gases can be 
condensed and collected after separation of the condensable gases. 
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SEPARATIQN AND PIT RIFTCATION O F FTTT.I F^FNTPyg 
faventors: David R Kionholin and Jack B. Howard 

Rdated Applkafions 

5 Tbis application claims tiio bMefit of priwity imdear 35 U.S.C § 1 19(e) fit>m 

United States Patent AppUcation Serial Nmnlw 6Q/393>494, which is incoiporated herein 
byrefiraDence^ 

Eldd of (he Invention 

10 This ai^Hcation relates to the sq>aration and punficati hi 

particular, it relates to solvent-free methods for the separation and purification of 
fuUer^ies in a process tiiat is coiq)led to fuD^me formation 

Baekgrannd of the Invention 
15 FuUerenes are closed-cage carbon molecoles composed of caibon-containing 

pentagons and hexagons. Tliediscovery of Buckminsterfiill^ne^aCeosph^cal 
allotrope of carbon, in 1985 by Kioto, et al. ("Ceo BuckminsterfuUeiene*'; Nature 318:162 
(Novemba: 1985)) precipitated a fluny of activity directed towaids und^tanding the 
nature and properties of fullerenes, particularly their use in synthetic diemistry and as 
20 electron acc^tors, radical scavengers, non-linear optical limiters, and in many other 
applications. This research and development has been significantiy hampeted by the 
difficulty in obtaining large quantities of pure materials. 



1 
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To date, ftOlorraes have bem synthesized using a laser to ablate gra{d]ite» bummg 
graphite in a furnace or by producing an arc acros s two graphite electrodes in an inert 
atmospb^* Ofliar methods applied to synthesize fidl^raes include negative 
ion/desorption chemical ionization and combustion of afullerene-formlng fuel. At 

5 jTOsent, combustion is tiie only method used for high volume production. In eadi 
mediod, condensable matter comprimLg a mixtuie of soot, other insoluble condensed 
matt^» C^o, O70, and hi^er as well as low^ numbered fullerenes, and polycyclic 
aromatic hydrocarbons (PAH) in varying amounts is collected, with the total fuUerene 
fiaction typically between 5 and 15% of the total material collected, with the soot being 

10 80% '95% of the remaining total materiaL 

The procedures most commonly used for puriJ^dng fuUetraes employ significant 
amounts of organic solvents. The solvents are used to first extract a ftaUerene mixture 
from insoluble soot and other insoluble condensed materials and then are used to purify 
and separate tfate hidividual fuUemies. Typically, die diEf(mnt constituents of tiie 

15 condensed matter are collected by filtration or some other technique, and ttie soluble 

components are extracted by a high energy-input extraction process such as sonication or 
soxblet extraction using an organic solvent such as tolurae. The extraction solution is 
then typically filtered to elimmate flie particulate mattes:, and ttien purified by high 
performance liquid chromatography (HPLC), which separates the fuUerenes from soluble 

20 impurities, such as polycyclic aromatic hydrocarbons (PAH) and aliphatic species, as well 
as separatiing individual fuUerene species from oth^ fullerene species. 
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The methods described above Imve a niiinber of to Qrpnlc solvents arc 

expensive and must be diq>osed of as hazardous waste. HPLC also is expensive due to 
the higji costs of equipment and stationaiy phase mateial, and the long time lequiied 
Furth^morc, handlmg of the condensed matter for the sepaiatioa stages can becozne 
difficult at larger scales due to the very small particle size of die soot particles (typically 
in the micron (pm) size range or less), and s^aration of liquid-borne soot particles is 
difficult and inefBdent f<x particles in Oiis size range. 

Sublimation has also been conceptually demonstrated as a metiiod to purify 
fullerenes from fiillerene extract from arc processes (Dresselhaus et al, ""Scieace of 
RiUercnes and Caibon Nanotubes.** Academic Press. San Diego, p. 118.), and is used to 
obtain hi^ purity fiillerenes from lower purity grades (e,g. 99.9% Qo from 99%) 
Sublimation methods that have been demonstrated operate on collected particulate or 
condensed matter or collected enriched fiillerene product to piirify fuUearenes by addition 
of energy through heating (usually 500-1000 **C) at low pressures to dissodate the 
fnUeienes from non-fullerene condensed matter. The vaporized fullerenes are then 
condensed onto a surface. Energy is required to dissociate fullerenes from a condensate 
when sublimation is used, material handling is cosfly. and irreversible losses of fuUeienes 
occur (tyidcally 20%) relative to Ae recovery of solvent extraction methods. 

Fullerenes are typically found embedded in the collected soot particles of the 
condensed matter G>resselhaus et al, *«cience of FtOlermes and Carixm Nanotubes.** 
Academic Press, San Diego, p. 111). Transmission electron micrographs show that 
fiillerene structures exist on the periphery of and within soot particles collected from a 
flame (Goel et al., ^'Combustion Synthesis of FUHerenes and Ftdlerenic Nanostructmes" 



wo 2004A)39719 



PCT/US2003/021301 



Corban 40:177 (2002)). E is unclear in the ait at v^ch stage in tfiefonn^ 
collection process tlie embedding of fuUeienes into soot particles occurs. 

Laser abladon can liberate from soot and soot precursor particles trace amounts of 
fuUoenes that were produced by processes not known to produce ftd^^ (Reilly et al*, 
5 *Tbnerene Evolution in Flame^Senerated Soot,** /. Anu Chem. Soc, 1 12: 1 1596 (2000)). 
This observation is consistent with the fomiadon of fulleienes in the condensed phase* 
i^., in or on solid particles. Baum et al. in 'Ttilterene Ions and Thdr Relation to PAH 
and Soot in Low-Ptessure Hydrocarbon Flames" (Ber. Bunsenges. Phys. Chem. 96:841 
(1992)) postulate that fuUerenes form in the condensed phase. Hie formation of 

10 fidlerenes in die condensed fbasc could ^lainhow Adlerenes are foundto be embedded 
in the solid particles. 

Hieie is also evidence that fuUerenes are consumed by soot in a kinetically driven 
process, possible including chemical reaction, during the fuUerene formation fwooess 
(Orieco et aL in '*Fiillerenic Caibon in Combustion-Generated Soot*** Carbon 38:597 

15 (2000)). 

Homann describes spectroscopic in-situ flame observations of ftillerenes in trace 
quantities in non-sooting or low-sooting flames (Geliardt et al., Tol^iedral Caron Ions in 
Hydrocarbon Flames,** Chenu Pkys. Lett. 137:306 (1987)). Smce little or no soot or otiier 
soli(i particulate matter is present in these flames, unlike the flame conditions typically 
20 used to produce fuUerenes that produce significant amounts of spot, itis not clear fix>m 
Gehardt et al. whether a significant firacdon of fiiUermes would be present as gaseous 
molecules during the formation process before they become embedded in the soot 
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Hie literature on tiie combusdon Qfndiesis of fuUmnes leaches fliat fuUetenes aie 
collected along with the soot with which they are associated in the flame, and that iho 
fullerenes must be separated £com die soot in p08t-<^^ steps (Howard etaL, 

Nature 352:139 (1991); Howard et al., J. Phys. Chem. 96:6657 (1992); McKinnon et al., 
5 Combustion and Flame 88: 102 (1992); Richter et al., /. Chtmie Physique 92: 1272 
(1995)). 

In smmnary, it is not Imown whedier faDexenes are 
and so exist embedded in the solid particles, or whetb^ tfiey are formed in the gas phase 
and subsequently consumed by and/or embedded within the soot particles or 
10 agglomerates. Methods in the cunent art involve energy addition in solvent extrBction, 
sublimation or other post-formation process steps to release the embedded fuU^n^. 

LowoT cost and more efifecCive melhods for the separaticm and purification of 
fuUeienes are desired* 

Summary of the Invention 

IS One or more aspects of the present invention provide methods and apparatus to 

separate and purify fuUmnes from solid particles and condensable impurities and o£fer 
significant reductions in the cost associated with the separation. According to one or 
more aspects of the present invention, the various different ftiUerenes additionally are 
separated £rom one anotiben The use of solvents and exp^ive tedmiques such as HPLC 

20 are avoided, and a high^ fiaction of fuUerenes is recoverable. Jn addition, the handling 
time and complexity of handling the condensed matter is reduced and no additional 
energy or i»:oce$sing st^ is required to s^arate the fidlerenes from the condensed matter. 
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The p invention is based on the discov^ fiiat ^nedable quantities of follmnes 
exist as free gaseous molecules in flame formation processes at certain locations in the 
flames, and can be maintained as fiee gaseous molecules under certain conditions. 
Fullerenes are separated and purified from ttie s<^d soot paiticdes and condensable 
S gaseous impurities in line witli the formation process by using a s^>aration and 

purification process wliich acts on the gas e£Quent and adjusts the physical conditions of 
the gas effiuent in conjunction with suitable collection devices. The physical state of the 
fulleiienes is controlled so that they are maintained as gaseous molecules before the 
separations process until collection is desited« 

10 The loesent invention provides fc^: die sqtatation and purification of fiilleienes by 

making use of the discovery that, under certain conditions, fullerenes in substantial 
quantities exist independent of the solid particles suspended in the gaseous effluent of 
typical firllcrene forouuion processes and the ccMisuniption of fullearenes by reaction vrith 
the solid md/€x condensed material may be properly controlled in the gaseous effluent, 

IS thus providing a means of formation and separation/purification of full^enes. Further, 
tiie present invention allows for control of the effiuCTt from the sqmradons device so ttiat 
a gas/isolid phase change occurs, in some cases so tibat substantially purified fullonene 
particles are formed, and collection may be accomplished conveniently by particulate 
coDection devices known in the art. Furdier, the imsent invention provides for enhancing 

20 the yield of fullerenes from combustion and potentially other fuU^ne formation 

processes by reducing the irreversible loss of fullerenes and/or promoting formation of 
fullerenes in the substantial absence of soot as well as from soot (a) suspended in the gas 
phase, (b) collected and held or confined athi^ t»iperature in afilter, in an electrical or 
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magnetic field, or in some other type of trap or by other means, or both (a) and (b). In 
ex^nplary cases the yield is enhanced by to a factor of 2 or more. 

In one aspect of the invention, fiillmnes are processed by gen^ating a gas stream 
including suspended soot particles and condensable gases and separating at least a pcntion 
S of the condensable gases fcom the suspended soot particles using a gas/solid s^arations 
I«ocess. The condensable gases include gaseous fuUemies. At least a portion of the 
fuUerenes in dtie condensable gases are condensed afl^ squuration of at least a portion of 
the condensable gases from soot, and the condensed foUimnes are collected. 

In another aspect of the invention, folleiiraes axe processed by burning a carbon- 
1 0 containing fiiel under conditions effective to produce fullerenes and to generate an 
efflurat gas including suspended soot particles and condensable ^es, in which the 
condensable gases include fiillerraes, and separating at least a portion of the condensable 
gases from the suspended soot particles using a gas/solid separations process. 

In one or more ranbodiments, at a least a portion of the fiillerraes in the 
15 condensable gases are condrased after separation of at least a portion of the condensable 
gases from soot and the condensed fullerenes are collected 

In still another aspect of the present invration, a method for processing fullerenes 
is provided in which a caibon-containing fuel is burned in a flame under conditions 
effective to produce fullerenes and to gen^ate an efQuent gas including suspended soot 
20 particles and condensable gases, in whidi the condensable gases include fullerenes, the 
condensable gases are separated from the suspended soot particles nsing a gas/solid 
separations process to obtain condensable gases of reduced soot content* and the 
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condensable guises contaLtdng foUmnes axe intxoduced into a subsequent location wbm 
further treatment or reaction of the fuUerenes is conducted 

In anotber aspect c£ the invration, an apparatus for Aexsocessing of fullerenes 
includes a gas efSuent source capable of graositing a gas efOumt including suspended 
S soot particles and condensable gases, in ^nliich tbe condensable gases include fullmnes, 
an inlet conduit for diiectuig a gaseous effluent to a first separation pdnt» a first gas/solid 
$q>aration device located at the first sq)aration point, an outlet conduit for directing a gas 
efQuent firom the first separation point to a first collection point, a collection device 
located at tbe first collection point, and a tenqperatnre control for controlling flie 
10 temperatore of ibe gaseous fluent 

Another aspect of ^ inv^tion provides a method of cleaning a gas/solids 
separations device including a filt^. The method includes contacting tbe filter with an 
oxidative species at a temperature that oxidizes the collected soot during or after 
separation of soot from a carrier gas and collection of the soot on a filter. 

IS The invention also provides a method of fuU^ene recovery fn>m soot The 

method includes generating a gas stream including suspended soot particles and 
condensable gases, in which the cond^isable gases include gaseous fullmnes» separating 
at least a portion of the condensable gases from the suspended soot particles using a filter 
contacting the filter with an oxidative species at a temperature that oxidizes the collected 

20 soot during or after s^aration and collection of soot from die condensable gases on a 
filter and condensing and collecting frillerenes fcom the condensable gases downstream 
from the soot filter. 
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In yet another aspect of ffiie present invention, a method of piocessmg fidleie&es is 
provided including the steps of gmerating a gas stream including suspended soot particles 
and condemable gas68» in tbe condensd>le gases indude gase^ 
condensing at least a portion of the condrasable gases » collecting the soot and cond^ised 
S condensable gases at a collection location, heating the collected soot and condensed 
condensable gases to sublime at least a fuU^ene spedes, and condensing the sublimed 
fuUerene species. 

Ttillerenes" as used herein lef ^ to closed-cage caifoon molecules such as Ceth 
C70 and similar molecules tliat range in molecular wd£^ from C20 up to C84* C90, and 

10 larger such molecules/ with shapes ranging from sph^idal to ellipsoidal, elongated and 
other shapes, and includiiig not only single-walled but also nmlti-walled cages consisting 
of stacked or parallel layers. Rilloienes, as used hoein, also indudes closed-cage carbon 
molecules with chemical funcdonal groups sudi as Ce/^ C6p(OH)n, and metal- 
containing groups, and endohedral stnictures with metals or other atoms inside the cage. 

IS Gaseous fuU^nes" or '*gas phase ftdlerenes^ and like referee 

fuUerwes that are in flie vapor phase under a given set of conditions of temperature and 
pressure (and other variables). The conq)osition of gaseous fullerenes changes with the 
given conditions, so that gaseous ftiUerenes may encompass a subset of all fulleraies. 
*'Soot'' as that term is used hencba, is a solid particulate cazbonaceous material 

20 containing primarily carbon but including hydrogen, oxygen and other elem^ts 
d^ending on the composition of the miaterial fiom which die soot is formed. 
Combustion-generated soot contains significant amounts of hydrogen and some oxygen, 
as well as trace amounts of other elements that are present in the flame. Soot produced in 
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caibon vaporization w other follaenes synthesis prooesses may contain smaller amounts 
of oxygen and hydrogen and various amounts of oth^ elements dq>ending on the purity 
of file caifoon source matedal. The soot stnictuie consists primarily of layers of 
polyc^clic aromatic carbon ijvfaidi, depending on the formation conditions, may be planar 

S orcurved, and some of each shape nmy be present in various amounts. The layers exhibit 
various degrees of mutual alignmiKit ranging from an amorphous structure early in the 
formation process to an ina?easingly crystal-like structure^ either graphitic (planar layos), 
fidlerenic (curved layers), <x some of both, as residence time at hig|i temperature 
inoreases. The soot structure may also include lesser amomits of aliphatic carbon such as 

10 ftmctional groups and cross liiiks in polycycUcaroni^ 

hydxocaibcms. The soot particle is an aggregate or agglom^te of approximately 
spheroidal units referred to as primary particles or sphmiles. The number of sphoides 
per aggregate can be as small as one or as large as 100 or more, and the shape of tiie 
aggregate can range from sing^-strand chains of sphendes to branched chains and grape- 

15 like clusters, depending upon formation conditions. Soot, as used herein, may include 
closed-cage and qpra-cage nanostractures having multlpie nested or parallel layers or 
walls, shapes ranging from sph^idal to elongated, including onion-like nanpparticles 
with similar dimensions in all directions and cylindrical nanotubes which are elongated 
structures wititi lengtht-to-diamet^ ratios of 5 or larger. The nano prefix refers to 

20 dim^sions in the nanometer range* 

^'Cond^ed matter*' as that term is used herein means soot and oth^ species 
physically condensed with it Hie range of molecular weights or volatilities of the 
species physically condensed with the soot dqpmds on the level of saturation of the 

10 
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specie$ in question. For example, at 40yc and 1 atnL the species i^yRicaTly gnndftncitig 
with soot will include most all the fuUeti^es and the larg^ polycyclic aromatic 
hydrocarbons (PAH). When the soot is coUec^ and held at typicdfulteenefoi^ 
flame temperatures and pressures» polycycHc aromatic hydrocarbons and fidlesenes soch 
S as Ceof Cto* and sinsilar molecules Qrpically do not physically condense widi soot, but 
multilay^ed nanostnictures do. At room trao^erature^ species condensing wiCh the soot 
include PAH, some aliphatic compounds, and some wat^. 

''Oas effluent" or ^gas stream** as that t&cm is used herein means the gaseous and 
suspended or entrained solid particulate products of a follerene formation process. The 
10 gas effluent may undergo fiirth^ physical and chemical transformation once it has 1^ the 
fullerene formation zone. 

The t^m '"about" is used herein to mean iQypioximately> in the region of, roug^y 
oraround When the tenn**about" is used in conjunction with a numerical n 
modifies that range by extending the boundaries above and below the numimcal values 
IS setfortfa. In general, the tenn '^about^ is used herein to modify a numerical value ab^ 
and below die stated value vrith a variance of 10%. 

Biief Descriptioii of the Drawing 
Various objects, features, and advantages of the present invention can be more 
fidly ^predated with referCTce to the following detailed descdpdon of the invention 
20 when ccmsideced in coimection with the following drawings, in wiiich like refi»:ence 
numerals identify like elements. Tbe following drawings are for die purpose of 
illustradon only and are not int^ded to be limiting of tibie invention, tlie scope of which is 
set forth in die claims tibat follow. 
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Fignie 1 is a flow diagram geneially fliustratiiig a separation and purification 
process accordiag to one or more CTibodimrats of the pcesent invention; 

Hguie 2 is a schematic iUustiation of a fuUmne production . 
with a gas/solids sq>aialion and purification system according to one or more 
S embodiments of ttie present invention; 

Hguie 3 is a sch^natic illustration of a fiiUerene production system diat is coupled 
with a g$s/s6Uds sq)aratian and purification eyEtem for obtaining two or moro fuUerene 
£rcK^<His of di£fi»»nt volatility or molecular weight acccuding to one or mcxe 
mbodiments of the present invention; 
10 Hguie4 is a sdiematic illustcati<Hi of afuUemie production system tiiat is coupled 

with a gas/soUds sq^aration and purification system according to (meormoxe 
embodiments of the present invention; 

Hgure 5 is a sdiematic illustration of a fiill«P»ie production, separation and 
coUecticm system including a cyclone-type loop sq)arator according to one or more 
IS embodiments of die present invention; 

Hgure 6 is a fiow diagram generally illustrating another separation and 
purification process according to one or more embodiments of the present mvention; 

Hgure 7 is a schematic illustmtion of a fiiDerene production system that is coupled 
wifli two or moro gas/solids separativs in a fullerene separation and purification system 
20 according to one or more embodimi^ts of the present invention; 

Hgure 8 is a schematic illustration of a fullerene production system that is coi^led 
with a gas/solids separation and purification syst^ according to one or moro 
embodiments of the preset invention capable of continuous operati<m; 

12 
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Hguie 9 is a sdhematic fllusttadon of afultecene prodaction system that is coiq>led 
witii a gas/solids separation syston accordiiig to one oc more embodiments of the piesent 
invention; and 

Hguie 10 is a plot of C6a and C70 conc^otratiQn pxoffles for a <p = 2.4 flame (40 
5 tonr, C6H6/O2/Ar(10%)), in ^dbi flie left y-axis is mole firaotion of Qo and the rigtit y- 
axis is mole fraction of C70, and the X-axis is distance above die bur^ 

Detafled Description of the Invention 
In one aspect of die present invention^ the separation of fullerenes from the solid 
phase is accomplished by identifying the location after an initial stage of funome 
10 fomiationQiei^nafter, '^post-foniiatiotfOpa^^ : 

fuUeienes exist as gaseous molecules and collecting the solid iieac^on products e.g., soot 
and other condensed impurities, of the fuUerenef<mnation^ The 
soUdparticlesaieth^eby separated ftom the fiOlerene-rontai^ Thus, 
reactions or condensation of die fullerenes that result in fuUemie loss due to chonical 
15 reaction, physical adsorption or embedding of the fullecme in or on the soot particles, or 
agglomeration of the soot particdes leadmg to the embedding of fullerenes, are avoided. 
The post-formation conditions of the gas efQuent of the fiill^ne formation process axe 
controlled to provide desired soot growth, and/or PAH reaction and/or PAH elimination, 
and/or fullerene formation. Rdlecenes are recovered from the gas phase by condensing 
20 die full€»:enes to form suspended particles and collecting die fiill^nes vdth a second 
gas/solid separation process, or collecting the fuUerenes on a condrasing surface. 

One or more embodiments of die present invention are described widi reference to 
flow diart 100 of Hgure 1. 
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Refexdng to step 110 of Hguie 1. ffie method Includes a fulleirae fbnnation step 
in whidti gas phase ftOlercnes are formed in a gas sti^^ The gas stream inctades other 
conq)onaits sudhi as soot particles and other condensable impurities. The soot is present 
in tiie gas steam as suspended solids, however, the condensable m afi eri aT s may be present 
5 in a variety of forms, such as gas molecules, condensed particulate solids, or adsocbales 
on solid materials, e*g., soot. 

Gas ^lase fiiUerenes can be genoated usmg any c^ 
processes fliat generates and maintains fblteenes in flie gas phase jaior to separation finom 
solid soot particles. Suitable methods include but are not limited to, laser ablation, arc 
10 disdiargp, burning graphite, negative ion/desorptlon chemical ionization and combustion. 
Modifications to convrational processes may be required to avoid ^mature 
condensation of condensable gases and to maintain fuUcrenes in the gas phase prior to 
and during gas/solids sepiu:ation. For exao^le, arc dischar^ can be conducted in an 
enYironment heated to a tenqierature above the vaporization ten^Derature of fuUerenes. 
15 For simplicity and without limitation, the invention is desaibed with reference to 
combustion synthesis of fuUei^enes. 

With reference to step 120, the efOurat gas gcnwated in the fullerene formation 
process is transported downstream from the site of full^ne formation to a first 
separation zone via a first transfer zone. The transfer zone is typically a conduit such as a 
20 pipeortube. As noted above, generation of fuUerenes is typicaUya^ 

• formation of soot and othe^ condensable impurities. It is known in flame processes that 
fullerene concentrations, soot growth, and PAH concentrations depend on tempa:ature 
and residence time in the flame. Thus, residence time and gas temperature m the transfer 

14 
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zone are factors to ccnitrol when providiiig conditions tfiat mate fhe sqiaiations process 
efBdent Tlie transfer zone provides an environixientlmv^ 

tSDQfperature suitabl e for ttie reduction of PAH (by diemical reaction with or adsorption of 
the PAH onto soot particles, or oth^ conson^tive processes), for soot particle growfli, 

S and for further fullerenc formation. Soot particle growth improves effectiveness of soot 
recovery in subsequent steps. 

The tempa:atuie is controlled during tranq>ort to maintain fhe gas stream at an 
optimal temperature, Le., to maintain the fuU^renes in a gas phase and/or to promote 
reactions ttiat reduce tiie amount of PAH in tiie gas stream^ and/or promote soot growfli, 

10 and/or pron3otefi]ll«:^e formation. ExeiEnpIaryccmditions for die reduction of PAH 
content in the gas stream, growth of soot particles, and formation of fuUerenes indude 
residoice times in tfie trans£^ zone in tiie range of about 1 0 ms to about 1 0 s, or about 
100 ms to 2 s, and traiperatures in the range of about SOO"" C to about 2200'' Q or in the 
range of about 900** C to about 1700'' C. Additionally, other processing conditions can be 

IS controlled during this stage of the process, such as but not limited to, introduction of 
reactive species such as halogenated con^unds or inert ^ses or vapor, such as water, 
nitit)gpn, argon and die like, for control of particle and condensable gas concOTtrations, 
and/or for temperature control by heating or cooling (by, e.g., dilution with hot or cold 
gases or by ejqiansion cooling). 

20 Gas phase fuUerenes are separated fitom soot particles in a first s^>aration zone of 

the separations process using a gas/solids separation technique as shown in step 130. 

The gas/solid separation may be any conventional tecimiqiie, including without 
limitation, filtration, e,g-, sieve filtration and packed bed filtration, electrostatic 
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precipitation, dectxx>static separationt fh^maphoresis, or inettial methods such as 
impactioa separation and cyclone s^aration. In one or more embodiments, soot particles 
are tiapped or retained using a particulate trq> or filter. One or more sqmration steps may 
be used; and one or more separations techniques may be employed in the sqieration of 

5 suspended solids from die effhient gas* 

In one cx more embodiments of die present invention, suspended soot is 
substantiaUy r^ovedfitom the gas stri^un by this process. In one or more mibodiments, 
parti cles ranging in size fiom about 0. 1 pm to about 500 \xax and ev» larger are separated 
from the effluent stream with hi^ efficiency, for example, at least 95% removal, or at 

10 least 99% removal, or about 99.9% removal of soot fixm the efiEtoent gas. Inaddilionto • 
soot, other condensable impurities, e.g«, PAH, may be collected at the filter or otherwise 
removed from ttie gas stream, for example, by reacting the condensable impurities with 
soot or by condensing the condensable impurities onto soot particle surfaces. 

Temperature and other process conditions are moititcHied and controlled so that the 
15 desired condensable products, including ^eous fiillerenes, rraiain in the gas pbase and 
pass through the separation zone. Gaseous fhU^nes are those Mlermes that are in 
gas phase at the separations zone and that are acted upon in subsequent collections steps. 
The gaseous fuUerenes can be a subset of total fuUer^ies in the gas stream. In one or 
more embodiments, the temperatures of die gas stream and of the gas/solid separations 
20 process are selected to preferentially maintain as gaseous a subset of the total fuUer^es. 

Separation toaperatures can be in the range of about 300 ""C to about 2000 ""C. In 
embodiments where fiuther fonnation of fuUerenes is promoted after the first gas/solid 
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separation of soot, tempenatmes would be preferred iii the range ficom about 900 ^ C to 
2000^ C, In embodiments where formation is not furthor promoted, the pr^i^red range is 
about 500^ C to about 900^ C The separations process can be conducted under 
conditions of optimal fiillerme stability wh^ consunq)tion of foll^nes by soot particles 
5 or otiier species is minimized and tiius the concentration of gas phase 
maximized. Consumption of fdlka^es or enibeddingCn^ 

whereby fall^nes are physically bonded to soot or occluded by soot) of fuUetenes is 
minimized by controlling the residence time, temperature, or otti^ conditions, such as gas 
velodty of the gas/solid separation. E*referably , the gas/solids separations occurs on a 

10 time-scale ttiat does not allow enou^ residrace time for consumption or embedding 
processes to occur during the gas/solids s^azation« Ihis is accomplished by filtering or 
otherwise separating the soot fiom the eflOuent gas quickly relative to the time it takes for 
the undesirable processes of fullerene conisumption or embedding to occur. Rapid 
sq)amtion time prevents significant interaction of the fuU^renes with soot that lead to 

IS fuUeiene losses. 

In one or more embodiments, a portion or fi'action of full^:enes are separated fiom 
the cond^sable gases with tibie soot In exen9>lary embodiments, the separations process 
is operated under conditions thatpmnit Ceo and more volatile species to pass throng the 
gas/solids separation process, while the higher molecular weight fuUerenes are separated 
20 from the gas stream with the soot at the gas/solid separation zone. Purity of the collected 
C6ofi:nctionwitii respect to M^ierftdlarenes is about 70% to about 95%. la other 
exemplary embodiments, the separations process is operated under conditions (typically 
high^ temperatures) that pmnit Ceo. C70 and other more volatile species pass through the 
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gas/solids separadon process vfluk the bi^ior molecular wdg^t fidkienes are sqpatated 
firom the gas stream with tiie scx>t at the gas/solid separation zwio. Hie fidlorae-emidied 
effluent gas contains C« and C70, plus more volatile condensable g^ses, with purities from 
about 85% to about 99% with ieq)ect to iiiUeiaies of Ugher volatility than C70- b 
5 exeirq)lary embodiments, substantially all fidleroie species, including the fulleiene 

species C90 and more volatile, pass through the fuUerene fflter in quantities Jip to 100% of 
the total concentration. 

The ^soKd separator can also function as a concentrator in which 4e soot and 
othor suspended particles are ooncMitrated in a fraction ofthe effluent gas. The 
10 remaining fraction of the dEEtaent gas contains a diluted or iess^ 

patti<desandisconcraitratedinfullea«necontcaQL In exemplary embodiments, 
condraisable gases are partitionBd into a fraction having low soot content, eg., about 10- 
70 wt% fUleienes, while flie remaining fraction of flie effluent gas is emicjied in soot and 
otiier suspended particles. This could be accomplished by a cyclone c«icentrator or 
15 electrostatic separator, and also could be iterated as a first, rou^ separations, wbich is 
followed by a similar or differrat gas/solid separation device. 

RefOTing now to step 140, tije substantially paiticulate-free or reduoed-particulate 
gases exiting tiie s^aration zone enter a condensation zone in which conditions, such as 
tenqierature, are conttoUed to condense fuDeiwies so tfiat tiiey may be collected in 
20 coUection step 150. The condensation zone is typicaUy a conduit such as apipe or tube, 
for which ttie temperature is controlled or maintained at a tenqierature in tiie range of 
about minus 250' C to about 1200' C. or about IOC C to about 800' C resulting in tiie 

condensation of fullerenes. In one or more ©oabodiments, the temperature wittiin tiie 
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condensation zone is graded from abigher tampeiataie at tito exit end of the separations 
process to a lower tempemtire at the coUection^^ In one or mote embodiments^ the 
condwised full^?mes have sufficient velocity and are of aparticle size such that tfiey do 
not substantiaUy deposit on Ihe conduit walls or othw surfooes. 
5 Hie condensed foUeiencs are collected as particles in the collection separation 

step 150. Theparticlesmay ccmipiise only fuUerenes, or they may i^ 
core, or otiierwise constituted particle that contains a non-fidlerme solid* e.g., soot 
particle. 

Collection is accomplished using a gas/solids sqiaration tedmique, including 
10 without limitation, filtration, e.g., sieve filtration and packed bed filtration* electrostatic 
precipitation, electrostatic separation, thomqphoresis, or inertial methods such as 
impaction separation and cyclone separation. One or miore collection steps may be used; 
and one or more collection techniques may be mployed in tfie separation of suspended 
solids from the effiuent gas. In one or more embodiments, fullerenes ate collected by 
15 condensation and deposition on a surface, sudi as a condensation plat^ 

The collected condensed soHds ate ranched in fullerenes. Any degree of 
enrichment is possible, ranging fiom slight enrichm«at of fuUeienes (over effluent gas 
composition) to substantially pure fullerenes. Purities of collected fullerenes acc<^ding to 
one or more embodiments of the present invention range fit>m about 65% to about 90%, 
20 or from 99%. or even about 99.9%, on even up to 100% wifli respect to soot Purities of 
collected fullerraes range firom about 99%, to about 99.9%, and to about 99.99% witii 
respect to PAH. 
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Multiple st^ und^ diffi^ing coaditions for the coHecdon of diffaieot fuUdBoe 
&acdons also fiiecoatea]]yplated by the present i^^ la 
one exemplaiy embo dimmt, the t^np^ratine of the effluent gas is controlled such that the 
less volatile ftdl^nes condmse and ate cdlected in a first condaisadon and collection 
5 step. Tenq>«tatQreoftiLeresi]ltantefauent gas then is lowered to condense am 

volatile fuUmne fiacdon. which is then collected in a second condensation and collection 
step. Tbispnicess can be repeated multq[>te times for eadifi^ Also, 
multiple fulleme qiecies may be collected at eadi st^, representing a set of fullCTenes 
with Iowa: volatility than a given species. When higlier or lowor volatility is referred to 

10 herein, itls meant tiiat the vs^r pressure at a given teztqperatmie for a spedes allows it to 
be separated to a obtain extent, and it may include cond^ising about half the amount of a 
ffvca species and substantially aU of the species less volatile. 

Iq one or more embodimients, condrasation and collection of non-fcdlerene 
condensable spedes is accomplished subsequent to collection of tibe fuUmne spedes in 

IS the collection step. The non-fuUoteAe species can be polycyclic aromatic hydrocarbons. 
Alternatively, non-fuUerene condensable gases may be condensed and scqparated prior to 
the fullerene collection step, e.g., by condensation on the conduit wall. 

Rirthennore, although not required by the invention, it is conteiiq)lated that the 

AiHerenes separated, collected and/or purified as desoibed h^nein may be further 

20 processed or purified using conventional techniques, for example, by HPLC 

Hgure 2 is a schematic illustration of a coiqpled fuUerene formation and 

purification system 200 for use in a gas/solid separations - fullerene purification process 

such as described above. Fullerene formation can be accomplished by combustion 
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synthesis, using a water-copied burner 210 in a low-pressure oombasfion chamber 215. A 
fiillereae-f orming flame 218 is produced by combustion of a fullerene-fonning fuel under 
appropriate combustion conditions. Variables fbat are conliolled for tfie formation of 
fuUereaies include burner chamber pressure. ft»l and oxidant flow rates, gas velocities, 
and phi (defined by the relationship (actnal ft»el/oxidanty(stoichiometilc fuel/oxidant)). 
Furlhw ioformadon on flame combustion is found in U.S. Patoit No. 5.273.729, which is 
UiCOTporatedheiBhibyrefemice. A suitable combustion (diamber including a jet buni« 
is described hi Published Ihtemtional Application No. WO 03/02101 8. which is 
incorporated herdn by iefiN:«ice. 

Combustion chamber 215 is coupled to a conduit 72» that provides passage of the 
combustion gas stream from the combustion chamber 215 to the gas/solid separator 230. 
The conduit 220 provides residence time for the gases under conlroned conditions. e.g., 
tanpeiBtuio. gas velodty. eic. for the reduction of PAH. soot particle growth and 
fuUerene formation. The dimensions of the conduit vary according to the characteristics 
of the combustion chamber and the properties of the exiting combustions gases. In one or 
mote embodhnents, tiie conduit can be selected to provide a residence time hi the range of 
about 10 msec to about 10 sec, or about 100 msec to about 2 sec, and a temperatore in the 
range of about 500° C to about 2200" C. or m tiie range of about 900° Cto about HOO" 
C. 

The conduit 220 is hi flow communication wifli a solid/gas separator 230, which is 
represented in Hgure 2 as a filter. As noted previously, die sohd/gas separator can be any 
conventional separator tiiat can be operated under tfie high temperatures (and other 
conditions) of flie fiillerene separations process. In one or more embodiments, the 
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solid/gas segatBtxx is a sieve fiilt^^ fiber filt^, or a packed bed filt^, and the Mteac has, for 
exainple, a mean ^fecdve pore size in the iniige of about l|m^^ The 
filter can be a ccfamicpaiticulale filter, whi(^ pro By way of 

example only, the filter can be made up of cotdieiite, silicon carbide, alumina and 

5 alumina/silica composites. The filte: is maintained at a tengerature that permits desired 
condensable products to pass throuf^ the filter. InoneorinQre^nbodiments, thefiltoris 
designed f€x use at temperature of greatra: than about 300^ C and is operated at a 
temperature in tbe ran^ of about 400*^ C to about 1000** C. The temperature of the 
sq^rator is controlled by the temperature and flow rate of entering gases and heat transfer 

10 from the separator to the surroundings. Other means of teniQierature control are 

envisioned by the present invention. One oc more gas/solid separation stages can be used* 
Typical hig^-temp^rature particulate emissions devices, such as are used for diesel 
exhaust, are well-suited for use in iliepiesent inventioiL 

The gas/solid separator 230 is coupled to a second conduit 240 that directs die 

15 soot-filtered effluent gases to a collector 250. As above, the collector can be any 

conventional separator that can be opmited undo: the tenqieratures (and otfa^ conditions) 
of the fiillerene separations process. In one or more CTibodimrats, the collector is a filt^, 
and the filter has, for example, a mean effective pore size in the range of about 1 yua to 
aboutSQixm. Ihcmeor more embodiments of tibe present invention, the odlector is a 

20 packed bed or met£d mesh filter. In another embodfanent, the collector is a cyclone 

separator or an electrostatic precipitator (not shown) that efficiently collects particles in 
the size range of 1 |Lun or less. 
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Hie collector 250 collects coixed fulleienes aad traces of other condensable gases. 
As is discussed above, tht temperature of die conduit 240 is selected to cond^se 
fiilleienes of a desired volatility. The lenudniiig gas stream passes dirou^ exit conduit 
260 to the vacuum punq? (not shown). In or after «it conduit 260, residual portions of 
S the gas may be collected as needed, 

In one or more embodimwts of the present invention» two or more fnllerene 
collection zones are provided to collect different fullerrae fisctions, as is illustrated in 
system 300 of Rgure 3 . As for the system described in Hguie 2, fiillerenes are fonned by 
combustion synthesis, using a wat^HH>oled burner 210 in a low-pressme combustion 
10 chamber 215. The combustion chambo: 215 is coupled to a conduit 220 ibr passage of 
the combustion gas stream from the combustion chamb^ 215 to a gas/solid separate 230. 
The gas/solid separator 230 is coupled to a second conduit 240 diat directs the soot- 
filtered effluent gases to two or more fuUerene collectors SlO^ 320 that collect fi»ctions of 
different fuH^ne conxposition. 
IS Partitioning of the total fiiUeienes into different fractions can be acoon^lished by 

contml of the gas stream temperature and/or use of diffei^t separatio 
techniques at each separations stage. For example, the separations sta^ can use filt^ 
of different pore size, or can filt^ at different temp^atures. 

In one or more embodiments, partitioning die total fiillerenes produced into two 
20 fractions^ one containing C70 and less volatile fidlerenes and the odier containing 
primarily C^o and more volatile fiillerenes, is accon^lished by (1) cQntrolling the 
temperature of the gas exiting soot filt^ 230 in the region 240, such that it is below the 
salutation ten^perature for fuUerenes C70 and less volatile fiillerenes, (2) collecting these 
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Mlereaes in collector 310, (3) contcoUing tbe temperatiue of the gas exiting collectoar 310 
in condtdt 315 so that the lemaining fidleraies tibat aie moie volatile than C70, including 
Cfio and more volatile fUUoienes^ condense* and th^ (4) collecting the second fraction of 
fuU^mes in collects 320. Because fiiUerenes of varying molecular wdght have 
5 difG»:ent saturation curves and cood^isation temporatuies at a given gas condition, it is 
possible to control gas effluent t^oqieratuie and filter temperature to selectively ccmdense 
fullrarmes of predominantly one volatility or molecular w^glit range* 

Pudties in one embodiment wfaoce fiilleienes C70 and higher wm first condensed 
and collected and fullerenes Cgo and lower wecc tfa^ condensed and collected* resulted in 
10 purities of the first collected fisK^tion of about 96% Cmvnth respect to and purities in 
the second collected fraction of Qo of about 94% vnth respect to fiillmraes less volatile 
tiianC^o. Oth^ exemplary embodiments contenq7late file condCTsaticMi and CO 
fuUerene fiiactions containing substantiaUy purified 

substantially purified O78, substantially purified substantially purified C70, 
IS substantially pmified Ceos etc.» or any combination of individual fuUerene species and 
mixtures. 

According to one or more embodimCTts, die gas stream exits tte gas/solid 

separator 230 at a temperature in flie range of about 500 "^C to 800 or between about 

600 ""C and 700 ""C, and can be furflra: cooled to approximately 100**C to 550 ^^C, a about 

20 420 ""C to 470 ""C in conduit 240 before entering the first fidlmne collector 31^^ Thegas 

exiting the first fullerene collector can be further cooled in conduit 315 to a traaperature 

in the range of betwera about minus 250^ C and about 300^ C before entering the second 

fullerene collector 320. Temperature control can be achieved in a variety of ways, for 
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exan^le by oonductive heat loss fhrou^ tiie condiut walls, addition of liquids to provide 
latent heat cooling (heat absorption by phase change), or addition of gases to provide 
diluent cooling or expansion cooling. 

Hgure 4 is a schematic illustration of anotfaw method and system according to one 

S or more embodimimts of the present invention, in which system 400 uses a cond^is^ coil 
410 to simultaneously condense and collect fuUermes. As in the embodiment described 
above, fiill^ne formation can be acoompli^ed by combustion synthesis, using a watrar- 
cooled bmner 210 in a low-pressure combustion chamber 215. The combustion chamber 
215 is coupled to a conduit 220 for passage of the combustion gas stream from the 

10 combustion chamber to a gas/solid sq>arator 230. The gas/soHd separator 230 is coiq>led 
to a second conduit 240 that directs die soot-filtered effluent gases to a condenser coil 
410, wh^ full^nes in die condensable gas are condensed and deposited on the 
condenser coiL Thus, the coils s^es to simultaneously cond^ise and collect the 
fidletenes. 

IS The condenser coil 410 can be a hollow tube through which a fluid is passed to 

maintain the coil at a desired ten^^erature. The cooling fluid is selected based iqx)n.1he 
volatility of the fullerene fraction to be ccmdensed. Multiple condenser units are also 
contemplated. In multiple coil configurations, coils can be maintained at different 
temp^stures by controlling ten^ratuie of flmd traveling d The 

20 different tenqieratures of the condenser coils permit the collection of different fulletenes 
or odier gases. In one or more embodioients of the present invention, any temp^iatuie 
controlled surface could be used, Le. non-fluid controlled cooling plates. 
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Hgure 5 is a schematic illustistion of anodier 
ormoie embodimCTts of the present invention, in whidi system 500 uses acyclone-^pe 
s^aiator 510, dth^ alone or in conjunction with a filter 250, for the condensation and 
collection of fulleienes. As in tiie ^nbodiments descdbed above, fcdleirae formation can 

S be accomplished by combustion syntiiesis, using a water-cooled burner 210 in a low- 
piessure c<Hnbustion chamber 215« The combustion chamber 215 is coupled to a conduit 
220 for passage of the combustion gas stream to a gas/solids^arator 230. The gas/solid 
separator 230 is coiqpled to a second conduit 240 that directs the soot-fiUtmd efiSu^t gas 
into conduit 240 where the conditions are selected to condense at least a portion of the 

10 condensable gases from the efQuwt gas streams in the manner described above. 

The effluent stream containing the entrained condensed particles then passes into 
the loop 510, which approximates a cyclone separator. The particle-laden air is subject to 
centrifugal forces whidi direct particles to tlie outside walls and thereby sq^rate the 
particles based upon their Stokes nimib^ in the gas stream and the gas velocity and 

15 physical dimensions of the cyclone. In one sample of this raibodiment, 66% of the 
fulleienes were separated from the gas stream. See, Example 5. Ihoneormore 
embodiments, the cyclone separator is used in conjunction with otfa^ collection rnu^ods, 
such as filtration. In one or more embodiments, a cyclone separatcMr is used as a rou^ 
separator, to remove a portion of die suspended solids of a given larger size range, and a 

20 subseqtient separator used to collect suspraded solids of a difif(mnt, and smalls size 
range. It is well known in the art that suspended solids have a distribution of sizes, with 
varying amounts of different sized particles. 
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Kguic 6 is a flow diagram 600 ilhistratiiig a pocess employing multiple gas/soKd 
separation processes according to one or more enibodimen As 
in previous embodiments and witii reference to step 610. the me&od includes a fUIerene 
foniiationstq>inwMdigasphasefWlerenesaref<»medinagass^ Wtthreference 
to step 620, tbe rffhicnt gas generated in tiie ftiUerene fori^ 

transported downstream from tlie site of fiillwOTe f omiation to a firs t sqiaration zone via 
a first transfe zone. The transport oftfae gas stream betwefflAefiormation zone and tbe 
first separation zone provides an eaivironment having a residaice time and temperature 
suitable for the reduction of PAH (by diemical reaction with or adsocpticm of the PAH 
onto soot particles, or other consumptive processes), for soot particle growtii, and for 
fiirflier ftiUerene formation. Soot particle growth improves effectiveness of soot recovery 
in subsequent st^s. Gas phase fuUeranes arc separated fix)m soot particles in a first 
separation zone of the separations process usmg a gas/solids sq>axation technique as 
shown in step 630« 

In some instances, the filtered gas stQl contams a significant amount of PAH. 
acetylene and radical species, and otiier species* Li one or more embodiments, the first 
gas/solid separations process occurs at a location where full«:wie formation and/or 
fullerene stability is suboptimal. so tiiat a significant amount of non-fiiUerene gas species 
are presOTt m flie filtered effiuent Undar full»:ene-forming conditions, it is possible to 
convert fliese non-fullarene gas components into fiill«cenes. This serves the dual purpose 
of reducing impurity content of die effiuent gas and increasing fiillerene yield. To this 
end as shown in step 640, ttie effiuent gas is maintained under fullerene forming 
conditions after the first gas/solids separation process so that so that additional fuUerenes 
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aiefcxmed. Tempemtu^sintfietramitionzoiieatem^ 
to 2200^ Q or about 900^ C to 1700° C, 

In one or more embodiments, the heat-treated effluent gas, which now contains an 
enhanced level of full^»nes, is condensed (st^ 660) and the condensed gases are 
S collected in step 670. In one <m: more radsodimrats, an optinial second ga^ 

separation is canied out before condensation and collection of the fulletenes. In one or 
more embodiments, fullerenes are fonned in stq> 660, and also varying amounts of 
inqnuities, such as PAH and/or soot, as a by-product of fullerene £3imadoKL These 
impurities may or may not be present in larger amounts than produced in the process 

10 described in Rgure 1. SootistypicaUy aby-^iroductof fuU^nefcHination, 

efflurat gas is separated ficoin the soot in a second gas/solid separation step as is shown in 
step 650. Alternatively the soot formed in the second formation region may not be of 
sufiSdent quantity to require sq>aration fitom tte gas efiQurat The substantially 
particulate-firee gases are condensed (step 660), and condensed particles axe collected in 

15 stqp670. 

Hgure 7 is a schematic illustration of an ex^plary system 700 that can be used to 
implenumt at least the process described in flow diagram 600. As is described above in 
greater detail, fullerene formation can be accomplished by combustion synthesis, using a 
water-cooled burner 210 in a low-pressure combustion chamber 215. The combustion 
20 chamber 215 is coupled to a conduit 220 for passage of the combustion gas stream from 
the combustion chamber to a gas/solid sq>arator 230. Separator 230 can be located close 
to combustion chamber 215 so that substantial amounts of fallerene precursors remain in 
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flie gas stxeam after soot sq)aratioii. Sepa]Atar230isinflowconimumcation wiA i 
transition zone 710 which is maintained at conditions conducive to fuUerene foimation, 
so that fim^ne precursors react to fonnfiiUorMes. The gas stream is substantiaUy 
reduced in soot cont^t, so that the risk of fullerene loss by reaction with or embedding in 
soot is significantly reduced Any soot that may have formed in the transition zone 710 is 
separated from die gas stream at ^is/soIid 8q>arator 720. 

The gas/solid separator 720 is coupled to a second conduit 240 that directs flie 
soot-filtered effluent gases to collector 250. The collector 250 collects mixed fiiUcrenes 
and traces of otfa^ condensable gases. As is discussed above, the tenqpemture of the 
conduit 240 is selected to condense fuHerenes of a deshsdvol^ Theranainmggas 
stream passes dirougfa exit conduit 260 to the vacuum pun^> (not shown). In or after exit 
conduit 260, residual portions of the gas may be collected as needed. 

In one or more ^bodiments, the coupled fuU^^ene production and separadons 
process can be carried out continuously or in a batch process, or in a steady state or in a 
non-steady state mode with respect to the physical variables of the gas streams, e.g., 
tenrperature, gas velodty, gas concentration, etc. In flie event that the soot fttter becomes 
loaded or clog^ as is typically noted by an mcrease hi pressure drop across the filter, 
the soot filter can be regraerated by oxidation (combustion) of the soot. Soot is 
consumed by flowmg an oxidizing gas (e.g„ oxygen or ah) over the soot filter at 
temperatures hi^ enough to support oxidation. The soot filter can be th^mally 
regenerated using ah heated to temperatures in the range of about 100** C to about 900*" C. 
or in the range of about 500"* C to about 800"* C, at flow rates in the range of about 10 
SLPM to about 1000 SLPM. The regeneration cycle tune depends on the size of soot 
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filter and otb»r variables such bb tBnq>ea:atiirB, airflow rates, and loading of the soot filt^. 
The filter mafimal desirably is a material capable of withs tandin g high temperatures and 
is fimctional as a reactive surface for the theamaal^nera laoneor 
1 XBoa^ embodi ments, the filter is a ceramic particulate filter. In one or moce embodiments, 

S the filter includes Ugh tenipmture alumina particles. The filt» can also include a 
material sudi as cordiCTte, silicon carbide and silica. The filter furtix^ can include a 
catalyst, e.g„ a metal catalyst, to inromote the tfaennal regenecatira of die Sitsr. 

During thermal regeneration of the soot filt^, it is desirable to avoid oxidation or 
degradation of collected fuUerenes* In cxie or more ernbpdimrats, the fhlloiene collection 

10 filt^ is maintained under in^ gas, e.g., nitrogen or argon, and/or at reduced 

tCTiperatures, so as to avoid oxidation of the fuUeiene species collected at die filter, or 
may be by-passed by the gas effluent of die regeneration. An in^ gas can be added to 
die efQuent gases downstream of the th^mal regena:ation to reduce the temperature of 
the gas stream* In exemplary embodiaients, the fullerene collection filter is maintained at 

IS a temperature in the range of about ZS^'C to about 1(K)''C under a nitrogen^ In 
one or more embodiments, die tiiennal regeneration process is ccmducted off-line so that 
die effluent gases of the thermal regen^ation are diverted and do not contact collected 
fullerenes. Alternatively, the condensed Mteienes can be collected and removed before 
regeneration of the soot filter. 

20 Figure 8 illustrates a system 800 according to one or more embodiments of the 

present invention for thermal regenemtion of soot widxout intetn^tion to die fullerene 
fommtion, separation and collection process. As described above, fiiUerene formation 
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caa be accoiiq>lished by combustion synthesis, using a wate-cooled burner 210 in a low- 
piessuze combustion chamber 215. Tlie combustion diamber 215 is coi^Ied to a conduit 
220 for passage of the combustion gas stream from the ccmibustion dianibeT to two or 
moie soot fQters 810 and 815. Valves 820» 825 can be qpened and closed to direct a gas 
5 stream from conduit 220 into dther soot fflter 810 (»r815» respectively^ Respective 
valves 830, 835 provide outlet to a vaccum punop for the gas stteam flowm 
mtm 810, 815. Soot filtera 810, 815 each contain an inlet pent 840, 845, respectively, for 
introducing oxidizing gases used during thennal regen^ation* and outlet conduits 850» 
855, respectively, for transporting the effluent gases from filt^ 810, 815, respectively. 
10 Conduits 850, 855 are in flow communication wifli the vacuum pump (tiuxmg^v . 
835, respectively) and with fullerme collector 250 (through valves 860, 84i5, 
respectively). 

In qpoation, effiu«it gas g^eiated in combustion dianQb^215 is directed 
throu^ conduit 220 and into one of soot filters 810 or 815 by q>propriate positioning of 
15 valves 820 and 825. In one mode, gases in conduit 220 are directed fhrougji opra valve 
820 and into soot filtar 810 where at least a portion of the efflurat gases are separated 
from suspended soot The flitted ^u»t gas exits die soot mterthrou^ outlet conduit 
850 where fullerenes are condensed and directed into fuUerenecoUecto^ Valve 830 
is in the off mode, and valve 860 is in the on mode to ensure that ttie efSuent stream 
20 flows through frdl^ne collector 250. 

Eith^ sequentially or simultaneously, oxidizing gases are introduced into soot 
filter 815 through inlet port 825 to bum out the soot and regenerate the filter. The 
combustion by-products exit soot filter 815 through outlet ccmduit 855 and are exhausted 
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to the vacuum pimq). Valve83Si8inthe(mmode»and vaIve865Isiatheoff modeto 
ensure tbat the elQElueat stream flows does not thtougb foUerene collector 250. 

The process is reversed when tfaaoual regenmtion of filt^ 810 is desired. 
In another embodiment of the preset iavention» the soot filter is continuously 

S r^en^ted duiing the fnUeiiene production, sqparalioQ and TO The 
combustion conditions are adjusted so that the conditions at the gas/solids s^>arator 
support soot combustion. A catalyst can be added to the soot filt^ to catalytically support 
combustion aad to enable soot to be legenerated und^ conditicms that do not cond^ise 
the condensable gases of the efOuent gas or significantly reduce fbUerenes yields. 

10 Altomatively, oxidizing gases can be introduced at tfie soot filter to maintain an oxidizing < 
environment during soot separations and regenoatioii. Refendng to Hgure 2, 
tegeneradcxi gases can be introduced at inlet 270. As desoribed in Exanq>le 10, 
continuous regeneration does not result in a reduction of fuUerene yield. 

The present invention has also discoyered tiiat additional fidlerenes axe libenited 

15 or formed during the soot regeneration process. Undo- oxidizing conditions that consume 
soot and generate conventional combustion products, e.g., CO2 and wat^, a significant 
amount of fuU^nes axe condCTsed and collected in the fullea:^e^ The preset 

invmtion contemplates augmentation of jfuUeiene yield in a post-sdot sq>aration process 
in which soot is oxidized and the resultant oxidation jHocess yield fuUerenes. The 

20 fnllerenes are condensed and collected as is desodbed above. Alternatively, during 
regeneration, any fiillmnes tiiat were cond^ed durmg the operation of the gas/solid 
separator, may be liberated. Fdrther, hot gases» from the combustor or other source, could 
be applied to the gas/solid separator to sublime fullerenes that were condensed onto die 
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gas/soHd sepaiatonmder cosdidons whm significant amoimts of fuUemes wo:e not 
allowed to pass throu^ the gas/solid separator, e.g., daring warm-up, or under otii^ 
conditions. 

Another a^>eot of tibie present inv^ticm is illustrated In Hgure 9, in whidi 
S follerenes are separated fiom suspraded particles at sq)arator 230 to obtain an efQuent 
gas substantially enriched in fuUerenes. The fuUetenes can be in the gaseous or 
cond^ised suspended solid state. The fulkfene rich gas streani can be used as suspended 
particles dh:ectly in a subsequent in-line process SHM). Subseqomt processes indtude 
modification of die fiillerene particles witibi respect to ni<»phology (e.g., ''activation*' by 

10 addition of steam), size (by temperature control), or otfaor physical and/or chemical 

attributes. Altematively, the fuUenene-^iriched gas stream can be divvied at 910 to oth^ 
processes that operate on gas-phase fuUeienes, such as a vapor dq)osition process, or 
nano-particle formation process, or a chemical reaction with the fiillerraies, e«g., addition 
of a chemical functional group to the fuUmne molecules in tiie gas phase. 

IS As noted above, fuU^nes firom conventional formation and collection processes 

have been observed embedded in solid soot particles. Various mechanisms can be 
proposed that are consistent with tiiis observation. 

In one sc^ario, fullerenes can be chemically bonded to soot during the formation 
process, and can then be layered ovex with carbon later in the soot focmation process. 

20 Ftdlerene-soot chemical bond breaking could occur subsequently in the process of 
graphitization or other rearrangement of the soot known to occur during the formation 
and growtii of soot particles. ]&nbedded fullerenes that are no longer chemically bound to 
the soot then could be liberated by openmg or break-iq) of tiie soot structure by sonication 
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m oth^ means. Such behavior could explain how laser abhdian can liberate fuUerenes 
firpm soot particles that do not yield fullmnes by sonication or extraction, since laser 
ablation operates at a higher energy that could more effectively break-up the fbUeraie- 
soot bonds. 

S Altmiativdy, fiillerenes could {diysically absorb onto solid soot particles and 

become embedded by subsequent addition of carbon to the soot SoEd soot particles 
naturally agglommUe due tp collision and adhesion by Van der Waals fim^ and 
coUeOion of soot by filtration also resulfs in a hi^ degree of agglomwation of flie 
primary* or individual, soot particles. Ihe highly agglomerated soot particles may tr^ 

10 fuUecenes throu^ Van der Waals adhesive forces, funexrae ads<»ption onto soot 

particles, or reaction during the collection process, e.g., a filtration device ag^omerates 
the solid particles and provides a hi£^ surface area for adhesion or reaction. Sudi 
agglom^iBtion snbsequoat to fiillrasne adsorption onto soot particles could also account 
for the embedding of fhUemes in soot Physical adsoiption of foll^nes onto soot 

15 particlesaboisconsistentwiththeobservedMb«ationof fuU^riesby 

ablation, since sudi processes vrould lead to the break-up of the fuUerene agglomerates 
and release of the adsorbed ftiUerenes. 

Ixk different possible post-formation ccmsnn^on and/or embedding scenarios* 
fiiUermes (a) are embedded in a process of (^erxiical reaction or adsoiptio 

20 subsequent carbon growth or solid particle agglomeralion during tihe soot formation 

process, (b) are adsorbed on primary particks and canbedded during the collection of the 
condensed matter by agglomeration of the solid particles accompanied by condensation or 
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leacticm of the fblleienes wilfa the solid particles or (c) are adsorbed onto or react vAtii the 
solid particle agglomerates at the time of collection. 

Based iqpon diese observationi^ the methods and systems of one or more 
embodiments of the preset invration deshably provides folleiene molecules that are 
5 present as gas phase molecules at an accessible location in the (Camber or reactor o 
process, e.g., at a location relative to diebum^ in combustion synthesis processes or 
relative to the arc, the focus of healing, or the center of eaetgy release in cacfoon 
V£^ri2ation processes where die gas-phase fiillerene concentration is at a value which 
allows production or pieferred yields and competitions of fiiUeienes. Rirtfaermore* 

10 fuU^irae loss due to chemical reaction with or adsoipticm onto soot is desirably 
nmmnized or avoided. 

The separations poiat for die witilidrawal of die gaseous efiQuent from the 
f(xmation process is chosen so Ihat a significant amount of fuU^imes are present as 
gaseous molecules and consumption by soot is avoided or minimized to a desired degree. 

IS An appropriate separations point can be identified by, e.g., measunng the gas-phase 
fUUerrae concentcadon profile with respcK^ to residrace time <h: locat^^ 
locate regions of fiillerene formation and consumption. Rdlerene gaseous concentrations 
are known for different locations relative to the heat source or formation region. For 
example^ Figure 10 shows die fuUerene concentration profiles for 

20 2,4 flame (40 ton:, C6H6/O2/Ar(10%) (taken from Richtetetal,,C3bw^ 

119:1 (1999)), These fuU^ne concentration profiles are representative of gaseous 
fuUerenes produced by fiame combustion. The drcled areas 1000^ 1010 correspond to 
optimal and sub-(^timal collection points, respectively, for locating die s^arations 
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q>pai»tusatapomtofmariiiimful^^ The separations point can be at 

a point of Mgji fullerene concentration, nunimizing consun^on reactions that consume 
fwtned ftdlerenes. The cliangp in concentration ftona the optimal to sul>^^ 
above a burner can be the result of, for example, consumption reactions redncing tfie 
concentration of fuUerenes. A sub-optimal (with respect to the ftdlerene concentration) 
collection point may also be selected if desired, based on other considerations, such as to 
rwiove 80<rt and allow for fiirtha: fullefene fonnation in the absence of the fomied soot 
In certain embodimrats, this sub-optimal point may be at alocation before any significant 
fiiUetrae f ormation^ or before any fnllaene f otmadon, but at a location that has an 
amount of fbUerene precursors. 

The transport process of efOuent gas in the sqparatimi zone controls to adesired 
degree any chemical consumption reaction of fullcrenes wifli the solid particles or oHxtx 
spedes, e,g., by qpoating the separation on a time-scale shorter than the consumption 
reacticms, by controlling the cooling of flie gas effluent, or by addingadihient Infurflier 
embodiments, rapid cooling may be en^>loyed so that radical species are quendied before 
reaction with fuUerenes. 

Solid particle agglomemtion processes fliat could embed any adsorbed fiillerenes 
are controlled during the gaseous effluent transportation and subsequent separation 
processes, e.g., by perfotming the solids 8q[>aratiQn quiddy relative to the aerosol 
collision frequency, such as by zspid ffltration or electrostatic predpitation or electrostatic 
separation. 

The formation of a fullcrenes condensed phase in the form of a solid particle or 
adsorbed spedes is controlled to a desired degree before separation of fte solid particles, 

36 



wo 2004/039719 



PCT/US2003/021301 



6.& by cQntrolling the texnp^atuie of the gaseous efQurat so as to contaol adsotption of 
fiillerenes onto the solid particles, by volatilizing adsorbed fallerenes prior to solid 
particle separation, or by operating the solid particle separation on a time-scale shortw 
tiian the time-scale for formation of a full»:ene condensed phase. Ihese objectives may 
5 be accomplished by operating ttie solids separation q)paratus, sudi as an electrostatic 
precipitator or filter, at a tenqjerature above the condensation point of the fullerraes» 
which is substiintially in the range, depwdhig on flie concentration of fiillerenes and 
pressure of the gaseous effluent, of betwem about 300** C to about 2000"* C. 

Fulieraoie adsorption onto or reaction with solid particles during the solid particle 
10 collection process is controlled to a significant degree^ e.g., by control of tfie gas flow and 
transport of fulloiraes to flie solid particles, or by control of the temp»:ature of the solid 
particle collection process. In one or more embodunents, gas/solid separations is 
acconopUshed usmg a method other than fUtration tiiat avoids unnecessary contact 
betweeai flie fiillerenes and tfie solid particulate matter. Altmiatively, if filtration is used, 
15 the filter is preferably operated in the range from about 300^C to about 2000*C so that 
fiillerenes are at a temperature that is suffidentiy high to ensure tiiat the fiillerenes do not 
condense onto the solid soot particles, but at a tenqperature that does not lead to 
substantial reaction of die fiillerenes with flie solid particles. 

A mefliod to sepiEoate a firaction of fiiUacraes in the gaseous effluent 
20 rich stream into individual fiillerene species is used, e.g„ by controlled cooling of the 
gaseous effluent so that individual fiillerenes are selectively condensed ot precipitated as 
solid particles and collected by filtration, electrostatic precipitation or the like. Separation 
of flie fiiUerene fraction of the soot-filtered gaseous effluent can be accomplished by 
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controlled cooling of the gaseous efftaent so tliat the temp^ttfuie of the gaseous effluent 
is between the condensation teiiq)a:atuie of ttie individual fuUerene spedes, for ^cample 
at about 4S0^Q which is above the saturation temperature of C^o at certain exemplary 
conditions^ but below that of C84* Ihe Cm and possibly less volatile fuUerenes that fimn 
S as a solid can be cond^ised onto a surface or piedpitaled as a solid particle and separated 
by filtration or electrostatic pcedpitation. Ibe temperature of the gaseous efQuent can 
then be controUed to less than about 4(X)^C to piedpitale or 001^ Tlieexact 
tmsperatures necessary to accomqpUsh this step are a function of (he fullai^ saturation 
levels and pressure of the gaseous effhient and may be substantially different than those 

10 meaitionedhere. 

Contro I of the various features of d^ separations process results in a pmified 
inixed fuUer^iefiaction and/or in purified fractions of indiv The 
separations occur throu^ operations on the gaseous efQuent stream in abatbh, semi- 
continuous, or continuous manner in-line with the formation process. The separations 

15 system functions by ccmtroOing the gas-solid convmion and/or condensation of 

full^rwes and condensable gaseous impurities and soot aerosol dynamics in tiie formation 
gaseous efQuent stream to i»revent to a desired degree raaibedding of fullerenes into the 
solid soot particles and allow preferential collection of fuU^cenes, One or more 
embodiments of the present invention provides for the collation of mixed fuUerenes 

20 and/or individual full^^es firom the formation effluent as substandally mwembedded, 
i.e*, free, components, nierefore, a high-energy separation process such as sonication or 
the like is not necessary to recover and purify the fuUearenes from collected condensed 
matter. The present method also offers the advantage of recovery of uKoe fiillea^enes fit>m 
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a givea condilicn by ledudng to a desit^d degree the firacdon of faUoenes mibedded 
inevmibly into the solid particles present in die foimadon process. 

The dose coupling of tlie coUecdon and separations apparatus of diis invention to 
the fonnations process is desired* Should diis coupling be p^cfbnried inadequately^ 

5 tesultingseparatioiismaybeieducedinelffldeiicy. thus, it is desired to opiate 
framations process ptoyidmg appreciable amounts of gaseous fuUerenes that will 
maximi?^. collected fuUmnes, to collect fiiUerenes at an optimal collection point to 
maximize the amount of collected full^enes, and to control the consumption pathways of 
fidlmnes to avoid or minimize fnUeiiene loss. Also, solid particles left remaining in the 

10 ^-phase after soQt separation wiU act as nucleation sites for condensing fi^ 

render necessary a furtfa^ process such as hig^ ^ergy solvation technique to remove die 
fuU^ienes from (he soUd soot particles. It is contemplated^ however, diat low levels of 
soot or oQier aerosol particles may be desired to act as nucleatipn sites and to enhance die 
fullerme condensation process. Other processes include sonic (e.g., ultrasound), ionic 

IS (e.g., chemi-ionization by addition of a low ionization potential q^es), or radioactive 
(e.g., bipolar ion neutralization). 

The various embodiments of the fvesent invention are illustrated in the following 
examples, which are presented for the purpose of illustration only and which are not 
limiting of the scope of the invention. 

20 Example 1. The separation and collection of fidlerenes fix>m soot and PAH is 

desoibed. 

PuUerene formation, $q>aration and collection are accomplished using the system 
described in Hgure 2. A jet burner was housed in a 10** ID Alumina insulated pipe 
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section. Benzeneflowiatewasintlieiaiigeof 10SIJPMto2SSLP!K^ 
langeof 2^tD3Aaa<)piessu]:ewasinfhetang9of Thej^bum^ 
provided higjbt flow rates of fdel, giving plenty of heat to maintain tenperatures in the 
post-soot separation zone, and allowed for hi^er production rates of fuUopraies corspaiied 

S to fiLat-flanie systems, llie combustion chaniber was ootq)led fhiXHigli a con^ 

section (6*' ID, 6' long) to the separator, wfaidi contained a 10,5'* diameter, 12'* long 
cordierite 10 ^m particulate filt» having a surface aiiea of appioxiz^ 
teand firom Coming Incw), (hoehiafto; the '"soot GXtoT). The soot filter was designed fDr 
use up to -1200 for removal of particulate rnatt^ in diesel emis^otis (commonly 

10 referred to as a diesel particulate filt^« DPF)« Hie hot gases (300^ C - lOOO"" C) ^t»dng 
the soot filter contained soot, fuUerenes, and odi^ condensable gases and gases non- 
condensable at the conditiGns described here« Soot was filt^ied out continuously for a 
time ^pically lasting from 1 - 4 hours. 

The temperature of tfie gas effluent of the soot filter was monitored and 

IS maintained so that desired| condensable products are passed tfarou^ the soot filter. In die 
present exanq»Ie» temperatures were maintained above 500° Q and generally below 700^ 
C so that aUfuUerenespedes are passed duongh the soot filt^. The soot filter elinunated 
approximately 95% of the soot present in the enticing gas; and hi^e^ removal 
efficiencies are easily obtained by addition of another filtration stage or reduction of the 

20 mean pore size of the soot filt^, or addition of another one or more separators after the 
soot filt^. 

The temperature of die effluent gases exiting the soot filter was betwe^ 500** C 
and 700*^ C. Tlie gases dien entered a 2" copper pipe section ipproximately 10 feet in 
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length, aa8tBn5>oraturesfen to between 100^ C and 3(»^ 
the fullerene collection filters. Three staiifless steel ineshffltets(Dynantesh,fiom 
Ckwp.) witii a mean pore size of 1 0 were used as the ftOlmne collection fflteis. 
Purities of the collected fiillerenes ranged from 60% to 90% vdtii respect to soot» and 
5 were approximately 99% pure with respect to PAH. Ihe low amount 

attributed to the to die residence time (100 - 500 ms) and texqpeiatuie (500° C - 1700** C, 
preferably between 900** C and 1500* C) provided in the first conduit between die 
combustion chamber and the soot filter, whidi reduced the PAH levels tfaiougjhi chemical 
and physical interactions witfi otib^ species present in the gases, 

10 No detectable amount of fuUotenes or other solid particles (as analyzed 

gravimetrically and by HPLC) passed through the fuUerene collection filtw:, indicating 
that the collected particles, which were substantially fiill^:mes, had a mean particle size 
well in excess of 10 jim. No significant losses of fullerenes occuned to the pipe walls • 
between the soot filter and the fiiUerene collecticML filter, as determined by gas sanq>lihg at 

IS the beginnmg and end of the pipe connecting die two filt^. The full€»:enes collected at 
the fiill^ne coUection filter ww in powder form, could be easily collected firom the 
metal filters, and were much less prone to dust formation tq)on handling than soot* The 
collected fiiUerene powd^ shows fast dissohidon properties, and has no scdvent residue, 
both properties being desirable in many applications. 

20 The separations process was run continuously until the soot filtered became 

saturated with soot Complete loading of die soot filtered was detmziined by a pressure 

drop across the soot filter. When the soot filter was ftill, it was reactivated by thermal 

regeneration. Thermal regen^tadon was accomplished by flow of air at t^iiperatures of 
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from .100'' C - 900*> Q prefosbly SOO"* C - SOO"" Q at flow rates of appioxiinat^y 50 
SLPM air. The regeneration cycle lasted fix>m IS oainutes to 1 liour» depending on the 
tetx^ratuie, flow rates of air, and loading of the sootfiltesr. During regeneration, N2 was 
added to the dB3uent of the soot filter to maintain temp^stures at the full^iene collection 
5 filt^ in tfie range of about C to lOO"" C« so ttiat the collected fullermes wm not 
oxidized by any spedes, sudi as O2, present in Ihe gas efSuent of the regeneration cycle. 
This could also be accon^lished by by-i)assing the fiill^^ 
regeneration* 

Hus process yielded fuUmne production rates of 5 - 20 grams per hour for 

10 faU«%nesthatwmsubstantiaUyfimof nQn-full^^ Solvent extraction or 

otfa^ post-processing methods weane not required to reduce non-fulla:ene impurities to 

currently accq[>table levels. Eliminating the necessity of collection of the large amount of 

soot produced as a by-product to die fuUerene formation process also greatly reduces cost 

associated wirii handling and disposal of this material. 

IS Table 1 reports the yield of total fuUerenes (in g/hour) collected from a location 

just prior to the soot filt^ (labeled sampling location 270 in Hgure 2). A known amount 

of combustion gas was collected and the fiillerenes wm extracted from the total 

condensable matter by sonication^ filtration, and subsequent analysis by HPLC. Total 

fiillerenes for the process of Example 1 were calculated using tibie weight of fuUerenes (as 

20 analyzed by HPLC) collected in the fuU^ne coUecticm filter under conditions where die 

gas flow rates and time of collection were monitored. Ihe full^ne yield at sample 

location 270 (representative of the yield from a conventional combustion process method) 

was conq)ared to die fuU^iraie yield of the collected eondensed fiillmnes at the fuUmne 
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filter, ttcanbeseen Aat£U]TatL<mof sootatten^ei^ 

CimdtsincoUectionof ai[m<^hi^eramoimtofft^ Fblletenfi yield is about 
two-fold gieater for the sample prepared 1. 



Table 1. 



CoItecti<m Method 


Production (s/hour) 


PdortoSoot 
Hltratton 


33 


AftCT Soot Hltxation 


6.4 



s 

Example 2. T he same system was used as in Example 1, with the same flow<ates 
of fuel, the same equivalence ratios, pressure, and at the same tenqp^ratures of die reactor, 
coupling zone, and soot fflt^« Table2 ^wsdiepixkhicdonnUesof fulleiCTes witfa^^^ 
wittiout soot filtration for the fuUerenes collected at the full»&ne collection filter before 
10 tfaormal regeneration. 

Table2. 



CoUeclion Metbod 


Production (gAiour) 


Prior to Soot 
Hltradon 


33 


Aft^SootHltcation 


4.0 



The system was then allowed to cool to ambient ten^>erature, and die fuUerene 
1 5 filters thorou^ly cleaned. Ihe system was dien pre-heated widi a medianie flame to the 
system t^peratures of Example 1, and thermal regeneration was performed by flowing 
air dirough the soot filter. After thranal regeneration, the material on the fullerene filters 
was collected and found to contain substantial amounts of fuUecenes. Table 3 shows the 
augmentation to the jnroduction rate for die fuel used for fiiU^ne formation in Table 2, 
20 Tables, 
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CoUectioii M^od 


Production (ss/bom) 


After Soot Filtration, 
Without Reg^eratiQii 


4.0 


With Regeneratioxi 


5.8 



A substantial augQ^entsution to tiie fuUo^ 
ouflined in this example. 

Example 3. The sqE>aration and collection of folleienes ficom soot and PAH and 

S the purification of fioller^ies into diEferent fuUmne ficactions axe described. 

FoIlGcene formation, sq>atatlon and collection aie accomplished using the system 
described in Hgure 3. Two fuUerenecolIecdon filters 310, 320 used to collect 
diffcarent fidl^^ene fractions. The second fulleiene collection filter 320 is identical to filter 
310. The first fuUerene collection filter 310 collected a hi^er full^ne fraction, in this 

10 case a substantial portion of the fuUerenesgzeat^ in molecular weight th The 
second fuHerene coUection filter 320 collected a substantial portion of ^ 
fullermes lower in molecular wdght dian Partitioning the total fuUerenes produced 
into two fractions, one C70 and hi^i^, and the other primarily Ceo, was accomplished by 
controlling the temp^ture of the gas at separator 230 to the range of about 500 ^ C to 

15 800^ C, preferably between 600° C and 700^ and allowing for the tempmture of the 
gas at the first filter 310 to drop to approximately 400^ to 550"* C, preferably 420*^ C to 
470^ C, in a controlled mann^, in this case by conductive cooling of the gases throu£^ 
the pipe walls. The temperature of tiie gas entering the second filter 320 was allowed to 
drop to approxunately 25** C to 300** C, jrofacably 80* C to 150*" C. This resulted in a 

20 full^tene firaction collected at filter 310 of approximately 96% purity of fuUecuies C70 and 

higher with respect to C^. Filter 320 collected Ceo in a purity of approximately 94% with 
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lespecttofuUerenesCroandhig^. Bolb fuUemiie fiactions axe substantia 
soot 

RMfn plft A. ibe same process as described kBxaii^lel was Sootwas 
filtered fiom tbe gases as descdbed in Bxaiiq)le 1 , and tanperatme of the soot filt» was 
5 controlled so that fdllerenes Iowct in volatility than C«> at the conditions of this example 
were not allowed to substantially pass throu^ the soot filter, while Ceo and fiill^iene and 
condensable gases his^» in volatiUtythmCdo pass through the s^ Puiitiesof Ceo 
of about 95% witfi respect to C70 and less volatile fidlerenes (C76t On% — ) was 
obtamed. Temperatuies of the effluent gas at tibe exit of the soot filtra: were about 400 C 

10 tod>out450''C. 

p.Yflm ple The same process as described in Example 1 was used, howeva: wifli 
addition of a 360° bend with aradius of about 1* to the pipe connecting the soot filter to 
the fiillefrae filter. The apparatus is shown schematically in Hgure 5. 66% of the 
fullereoes were collected in the bend, conBnning the presence of particles of about 10 jtm 

IS ia size or larger, based on the particle Stokes number and conditions of 

and physical conditions of the conduit and the bend. This example demoi^trates the 
effectiveness of cyclone separations for the collection of ftaierenes. Multiple cyclones 
could be used for difierrat fidlerene fractions if multiple fullerene separations aie desired. 
Example 6. The same process as described in Examples 1 cm: 2 was used, however 

20 the fuller^e formation process was replaced with a jet-stirred reactor configuration 

consistmg of ofifeet opposed jets, as described in International Published Application No. 
WO 03/021018. 
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p^y;a7iiple7, The same pTOcess is i3sed as in Bsaxnple 1, however the soo^ 

r^lacedbyafilt^ wiaameanefiB^vepore This allows for a ceitain 

percentage of tibie soot present in the gases entering the soot filt^ to pass through 

resulting in a concentrating effect, wh^»by the fultoene to sootraliois incieasecL Hiis 

S product may be desirable in cases where a carbon blackpxxiuct with ap»centage of 

fullermes provides enhanced p^ormance. Other separation processes, sudb as cyclone 

sq>aralions, could be used to concentrate the folleiene/soot product 

Example 8« The same process is used as in Example 1, however the soot fiOlter is 

rq>laced with an electrostatic precipitator, v/bidti separates the soot at tenqierature in the 

10 range of about 300^ C to about 1200° C The soot is collected continuously . 

Example 9. The same process as Example 8 is used, howev^, the electrostatic 

piedpitation takes place at temperatures in the range of about 900° C to about 2000° C, to 

substantially remove the soot from the entering gases. A re^on is provided during and 

downstream of the electrostatic separations so that fulla?ene formation is promoted, in the 

15 range of tempOTiture of about 900° C to about 2000° C. 

Example 10, This exanq^ies demonstrates ttie continuous regeneration of the soot 

filt^ during formation, s^aration and collection of iullerenes. 

The same system was used as in Example 1, with half the flow rate of fuel, similar 

equivalence ratios, pressure, and at similar tempemtures of the reactor, coiq)ling zone, and 

20 soot filter. In this example, regeneration air is introduced just upstream of the soot filt^ in 

flow rates similar to those used for non-continuous regeneration described in Example 2, 

so'tliat oxidation of the soot and regen^tion of the soot filt^ occur vdiile fuUerenes are 

being produced and passed throu^ the soot filter. Table 4 shows the production rates 
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widx no cohtiimous regeneFatioa and wiOi contumoDS xegeneiation. It can be seen ibat 
addition of air to accomplish continuous tegeneration does not result in significant losses 
of fuU^nes passed tbioug^ the soot filt^. 

5 Table4 



Collection Method 


Prodacdon (g/hour) 


Aft^ Soot Filter - No 
Continuous 
Regcn^:ation 


2.9 


Aflter Soot nitration 
w/ Continuous 
Regeneration 


23 



Although various embodiments diat incorporate the teachings of the present 
10 invOTtion have bem shown and descdbed in detail heirein, those sldUe^ 

readily devise many other varied embodiments that incorporate these teachings, including 
embodiments with niun^cal values and ranges differing £rom those set forth herein. It is 
appreciated that the figures and discussion herein illustrate only an exenq^lary device and 
mediod llius» the present invention is not limited to only those structures and methods 
IS described herein. The process described above is not restricted to any particulat order. 
. The features of various embodiments may be combined with each other. Also, other 
processes not mentioned above may be included that are consistent vnOx the stated 
objectives of the invention. In particular it is contemplated that multiple soot filters, e.g., 
two, three or four or more, may be used to allow and promote fidlerene formation witii 
20 the amounts of soot in the gas streamreduced &om typical conditions, and to reduce 
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consampdon of faUetenes by soot The nse of multiple folleieM collection filters, e.g^ 
two, three, or four or moieg is also conteinplated. 
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What is claimed is: 

1. A Boethod of processing fuUereoes conqnising the stq>$ cyf: 

gen^ting a gas stteam comprising snspraded soot particles and condrasable 
gases, said condensable gases comprising gaseous funerenes, and 

5 separating at least a portion of the condensable gases from the snq[^ 

particles using a gas/solid s^aiations process, 

whexein said gaseous fuU^nenes aienot condensed prior to separation. 

2. The method of claim 1, wheiein the gas stream of suspended soot particles and 
condensable gases is obtained using a m^od selected from the groiq> consisting of 

10 combustion, arc plasma disdiarge, laser ablation, graphite burning, and negadye 
ion/desoiptLon chemical ionization. 

3. The method of claim 1, wherein die gas stream of suspended soot particles and 
condensable gases is obtained using a combustion device. 

4. Ihe method of claim 1, wherein Ibo sq)arations process is conducted under 
IS conditions of optimal fuUerene stability. 

5. The method of claim 4, whezein conditions of optimal fuUetene stability comprise 
conditions wh^ consumption of fiilletenes by soot particles or otho: species contained in . 
the gas stream is minimized. 

6. The method of claim 5, wherein die time-scale of g^s/solid separaticm is small 
20 relative to the time-scale of fuUerene consumption. 
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7. The method of claim 1, fidleienes having a volatility lower than a 
selected volatility aie separated with the suspended soot particles in ttie gas/solid 
separadons process. 

8. The m^od of claim 1, whoein ttie gas stream has a residoice time of between 
S about 10 msec and about 10 sec upstream of the s^aratlons process pdor to separation. 

9. The method of claim 1, whoma ttie gas stream lias a re^dence time of between 
about 100 msec and about 2 sec upstream of the s^arations process prior to separation. 

10. The method of claim 1 , vi^eiein tlie portion of condensable g^ses separated frcnn 
the s;ispended soot particles is enhanced in selected ftdtotene species to a greater extent 

10 than other fuUerenespedes. 

11. Ilie method of claim l,whmin the gas/soUd separations process is a 
concaatrator, produdLng a higher percentage gas effluent stream with respect to suspended 
soot, and a lower percentage gas effluent stream widi respect to suspended soot 

12. The method of claim 1, whaein the s^>aration of at least a portion of the 

IS condensable gases from the soot pardcles is accomplished at a tem|)erature of less than 
about 1100 

13. The inethod of claim 1» wheaein the sq»aration of at least aportion of the 
condensable gases fsixn the soot particles is acconq>lished at a tenq)^ture in the range of 
about 300 ^^C to about 2000 ^C. 
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14. The method of claim 1 , wh«»in the sq>aratioa of at least a portion of the 
coBdensable gases from the soot particles is accomplished at a tenqperatuxe in the range of 
about 300 "C to about 900 ''C. 

15. Hie m^bod of claim 1 , furfli^ comprising: 

S condensing at least a portion of the full«?mes in the condensable ^es aft^ 

separation of die condensable gases* 

lis. The method of claim IS, whesrein the condensed fidlerraes form as suspended 
pardcles. 

17. Hie method of claim 1 6» wherein the fiiU^raes condense by het^geneoos 

10 nucleation and/or homog^ieous nucleation, in the gas stream whidi contains suspended 
seedparticles« 

18. The method of claim IS, wherein nucleation and/or growth of particles is 
promoted by sonic, ionic, or radioactive methods. 

19. The method of claim 17, wfaeirein said seed particles conqprise soot 
IS 20. The method of claim IS, further comprising: 

collecting the condensed full«?raies in a separations process. 

21. The method of claim 20, wherein Ae separations process comf^ises a gas/solid 
separations process. 

22. The method of claim 1 or 21 , wherein the gas/solids separations process is 

20 selected £rom the group consisting of filtration, electrostatic precipitation, electrostatic 
separation, and inertial separation. 
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23. The method of claim 22» viieiem filtratiQii is selected fiom ttie group consisting of 
sieve filtration, fiU)er filtration aiid packed te^ 

24. Tfae method of claim 20, wherehi collecting comprises cond^ising die fidlerenes 
onto a surfiace. 

S 25. Tiiemethodof claim 16, wlia:dji the mioan size of paiti 
the gas/soUd separation device is in the tange of 0.1 |jun to 500 1^ 

26. Iheniediodof clsdml6, whoDeinthemeansizeof paiti 
tfae gas/soUd separation device is in the langQ of 10 ^m to 200 fiUL 

27. The method of claim 20, wh»eitt tfae velocity of the gas stream is maintained at a 
10 velocity selected to minimize losses of fidlerenes to soifiaces duiing conveyance of tfae 

gas stream to a collection site. 

28. The method of claim lor 15, wbi»:ein a diluent gas is adde^ 

29. Themethodof claim 15, wb^ein the st^ of condensing comprises cond^i^ 
first selected fiill^ne spedtes or set of fiiUerene spedes. 

15 30. The method of claim U fiutber comprising: 

collecting the first condensed fidlecene species or set of fidlerehc species in a 
separatioas process. 

31. Tbie method of claim 1, wherein the separations process is a gas/solid separations 
process. 

20 32. The method of claim 1, fiirtfaer con^pdsing: 
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condensing a second selected fuUecene species or set of fuUereoe species after 
condensation of the fiist selected fuUeirae spedes or set of fUUeiene spe<des. 

33. Hie metbod of claim 32, furtto comprising: 

collecting the condensed second fulloene species or set of fuUeraie species in a 
S subsequent separations process. 

34. The method of claim 33, wherein the separations process is a gas/solid sq^aradons 
process. 

35. The mediod of claim 15, wherein the t^nperature of the gas stream is in tiie range 
of about minus 250"" C to 1200° C. 

10 36. The method of claim. 15, whetein the temp^ature of the gas stream is in the range 
of about 100** C to 800** C» 

37. The method of claim 1 , wherein conditions are maintained in a reaction zone 
downstream of the gas/solid separations process to promote additional fuUerene formation 
in tfie gas stream. 

IS 38. The method of claim 37, whetdn a second gas/solid separation process is carried 
out after the formation of fullecenes hi the reaction zone to s^arate at 1^ 
soot formed as a by-product of die additional fullerene formation. 

39. The method of claim 37, whoein temperatures downstream of the gas/solid 
separations process are maintained at about 500^ C to 2200"^ C. 

20 40. Hie method of claim 37, wh^iein tempoiatures downstream of the gas/soUd 

separations process are maintained at about 900* C to 1700° C. 

53 



wo 2004/039719 PCTAJS2003/02i301 



41. The method of claim 20, wher^cradensadon and 00^^ 

condensable species is accompHslied subsequent to collection of the iuU^ne species. 

42. The method of claim 41 wb^xm the non-fnll^iOTe species comprises polycyclic 
aromatic hydrocarbons. 

S 43. The method of claim 38, fortfaer comprising: 

condensing at least a portion of the full^enes from the condensable gases after the 
second gas/sofid separatic»is process; and 

collecting the condensed foUeanmes in a separations process. 

44. The method of claim 1 or 20, iKliatein the gas/solids separation device is opemted 
10 in a steady mode. 

45. The method of claim 1 or 20, ^^lereki the gas/soUds separation device is operated 
in an un-steady mode. 

46. ThemethodofclaimlS»30,32or37,wheiein&epeix»itageby wdl^of. 

f uUerenes to soot and odier ccmdensables in the collected ccmdensed fuUemes is in the 
15 range of about 70% to 100%, 

47. The method of claim 20, wherein the collected condensed fullerenes are enriched 
in fullerenes as compared to die fuUerene content of the gas stream prior to separation of 
the suspmded soot fitom the gas stream. 

48. The method of claim 15, wherein the collected condensed fullerenes comprise 
20 about 10% to about 70% by weigjit fun«enes. 
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49. The method of claim 1 or 15. wheidn teipaperature of flie gas stream is controlled 
by use of conductively cooled surfaces, and/or inert gases, and/or heat absorption by 
idiase change. 

50. The method claim 1 or 20, wheroin lesictence time in the gas/solids separation 
prcx:ess is controlled by addition of an inM gas. 

51. A mysthod for processing full^renescomprismg the steps of: 

burning a carbon-containing foel under conditions efBxtive to produce fuUeienes 
and to generate an efBluent gas comprising suspended soot particles and condensable 
gases, said condensable gases conq>rising fuUeienes; and 

sepamting at least a p<MtiQn of the condensable gases from the suspended soot 
particles using a gas/solid separations ptocess. 

52. The method of claini 51, vffa^idn ttie separadon of at least aportt<m of the 
condensable gases from the soot particles is accomplished at a temperature less than 
about 1100 

53. The method of claim 51 , wherein the separation of at least a portion of the 
condMsable gases from the soot particles is accomplished at a temperature in die range of 
about 300 **C to about 900 ^'C. 

54. The method of claim 5 1 , wherein the gas/solid separations is conducted under 
conditions of optimal fuU^ne stability. 
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55. Hie mettiod of claim 54, wiieiein conditions of optimal fuUerme stability 
compiise conditions wheie consumption of fulleienes by soot paiticles or other species 
contained in tfac gas stceam is nunimized « 

56. The method of claim 55, whaein the time-scale of gas/solid separation is small 
5 rdative to tibe time-scale of fulloene consonqition or embedding. 

57. The method of claim 51, whraein the gas stream has a residence time of between 
about 10 msec and about 10 sec cpstreamof ttc separations process prior to separation. 

58. The method of claim 51, whmm the gas stream has a residence tune of between 
about 100 msec and about 2 sec upstream of the separations process prior to separation. 

10 59. TTie mediodofclaim 51, wherein the gas/soUds^>arationspr 

concentrator, producing a hi^er percentage gas effluent stream with respect to suspended 
soot, and a lower percentage gas effluent stream with respect to suspended soot 

60. The method of claim 51, wherein the gas/solids separations process is selected 
fiom the group consistiiig of filtration, electrostatic precipitati<m, electrostatic separaticMi, 

15 and inerdal separation. 

61. The method of claim 60, wherein filtration is selected firom the group consisting of 
sieve filtration, fiber filtration, and packed bed filtration. 

62. The method of claim 60, wh^in filtration is accomplished by the use of a 
ceramic particulate filter. 

20 63. The method of claim 62, wherein the ceramic particulate filter contains a catalyst 
to promote thermal regenaati<m of the filter to remove collected soot. 
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64. The method of claim 63, wh«ehi the ceramic particulate filter is selected from the 
group consisting of cordi^te, siUcoa carbide, alumina, and alumina/silica compositions. 

65. The method of claim 63. ^^Iierein the catalyst is a metaL 

66. Tlie mefliod of claim 51 , whecem the gas/soUd sq>aiation is conducted at a time 
and location selected to provide soot particles that have an average particle size hi the 
range of 0.1 jun - 100 pm. 

67. I'le mefliod ofclaim 51, \)i*aefai the gas/soHd separation is c^^ 

and location selected to provide soot particles that are collectable on a filter having a 
mean effective poxe size in the range of abom 0.1 tun - 

68. Tliemethodof claim 51. further comprising: 

condensing at least a portion of the fuUerMies in the condensable gases after 
separation of the condensable gases from the suspended soot 

69. llie method of claun 68. MliQDem die condensed fullmn^ 
particles. 

70. The noetfaodofclaim 69, in4imia die fuUermes condense by hetero 
nucleation and/or homograeous nucleadon. in the ^ stream whidi contains suspended 
seed particles. 

71. Hie method of claim 70. wh«em said seed particle compdses soot 

72. The method of claim 68, frniher con^>iising: 

collecting the condensed fullerenes in a separations process. 
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73 . Tbe method of diaim 72, wherein fhe poccentage by wei^ of fidleiraes to soot 
and other condeaisables in the coUected condensed fWmue^ 

to 100%. 

74. Hie method of claim 72, wherein the collected condensed fuUerenes is enriclied in 
S ftdleiCTes as conq)aied to the fulletene omtent of the gas stream prior to separation of the 

suspended soot ficom the gas scream. 

75. The method of claim 72» whmin the collected condensed fuUerenes oompdse 
about 10% to about 70% by wei^t fullerraies. 

76. Themetfaodof claim 69, wherein the mean idze of particles fonneddowmtre 
10 the gas soHd separation device ism fhe range of 0.1 |imtoSOO[inL 

77. Themethodof claim 69, wherein the mean si2» of particles formed downstream of 
the gas soUd separation device is in tfie range of 10 {im to 200 pm. 

78. The method of claim 72, wh^io the separations process coinpises a gas/solid 
separations process. 

IS 79. Hie method of claim 78, whmin the gas/solids separations process is selected 
from the group consisting of filtration, electrostatic predpitadon, inertial separation, and 
electrostatic separation. 

80. The method of claim 79, whi^in filtration is selected from the group consisting of 
sieve filtration, fib^ filtration and packed bed filtration. 

20 81 . The method of claim 68, wherein tiie gas stream conq>rises nucleation sites to 
promote the condensation of full^nes fix>m the gas stream. 
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82. Hie method of claim 81, wherein the nucleation sites coxnprise soot particles, or 
otfa^ suspmded particles having a particle size in the ran^ of about 0.01 pm - 100 |jm« 

83. The method of claim 51, farther comprising: - 

condensing at least a portion of a non-fuUemie ^>edes in tiie condensable gases 
S aft^ separation of the condensable gases from the suspended soot; and 

collecting the condensed non-fullerene ^pedes in a separations opraation. 

84. The metlK>d of claim 83, wliCTein the condensation is carried out at a temp^ture 
in the range of about negative 250 ''C to about 600 

85. The method of claim 51 or 68. wherein temperature is controlled by use of 

10 conductively cooled surfaces, and/or mat gases, and/or heat absorption by phase change*. 

86. The method claim 51 or 68, wherein residence time in the gas/solids sq>axation 
process is controlled by addition of an inert gas« 

87. The meAod of claim 20 or 72, wherein the collected condensed fidlerraes are 
substantially free of polycycUc aromatic hydrocarbons (PAH)* 

15 88. The metiK>d of claim 20 cff 72, wh«»in the collected condrasedftfll^^ 
substantially free of soot. 

89. The method of claim 87, whwein the polycyclic aromatic hydrocarbon (PAH) 
content of the condensable gases is reduced by reacting of the PAH with soot particles* 

90 The method of claim 1 or 51, further comprising the step of: 
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dimng or after sqparaticm of the soot ficom the condmsable gases ctf be effluent 
gas, introducing an oxidative species into tiie gas/solids separatioa process at 
tmiperatures Aat aUow for oxidation of die collected soot 

9L A metiliod for processing fuU^nes, comprising die steps of: 

S burning a carbon-<x>ntainiQg fuel in a flanie under con^ 

fulle^enes and to generate an effluent gas comprising suspended soot particles and 
condensable gases, said condensable gases compising fuU^nes; 

separating tiie condensable gases from die suspended soot particles using a 
gas/solid separations process to obtain condensable gases reduced in soot content; and 

1 0 introducing the condensable gases compdsing fuUerenes into a subsequent 

location where further treatment or reacdon of the fuUerraes is conducted, 

92. The method of claim 91, wheiein die condensable gases c o m p risin g fuUo^enes are 
condensed to provide at least a portion of the fuDermes as suspended particles in the 
condensable gases, and the suspended particles are introduced into the subsequent 

15 location. 

93. The method of claim 91, whwin the condensable gases comprising fiiUetenes 
comprise gaseous fuUerenes, and die gas fuUerenes are introduced into the subsequent 
location. 

94. An Bpparatjos for die jHix^essing of fuU^nes comprising: 

20 a gas effluent source capable of generating a gas effluent comprising suspended 

soot particles and condensable gases, said condensable gases coxx^dsing fuU^nes; 
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an inlet conduit for diiecting a gaseous ejOEluent to a ficst sq>aratton point; 

a first gas/solid sqmtadon device located at the first separation point; 

an outlet conduit for diiecting a gas effluent from the first separation point to a 
first collection point; 

S a collection device located at the first collection point; and 

a temperature control for controlling the teilqperatnre of the gaseous effluent 

95. The apparatus of claim 94, wfaCTem the temperature control conqndses use of 
conductively cooled surfaces and/or inert gases and/or heat absorption by phase change. 

96. The apparatus of claim 94, \^erein the apparatus compiises a plurality of 
10 gas/solid separation devices and/(nr gas/solid coUecticm devices. 

97. The apparatus of claim 94, wherein the separation device is selected fix>m the 
group consisting of filters, electrostatic precipitators, electrostatic separators, and initial 
separators. 

98. The apparatus of claim 97, wherein the filter comprises a sieve filter* 

IS 99. The apparatus of claim 97, wfaer^ the filto comprises hig^ temperature alumina 
beads. 

100. The apparatus of claim 94, wh^in the apparatus comprises a plurality of 
collection devices. 

101 . I*he apparatus of claim 94, wherein the collection device comprises a condensing 
20 surface. 
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102. Th&appaniti2sofclaim94, whece^ 

group consisting of of filters, electrostatic predpitatots, electiostatic sq>aratois, and 
in^rtial separatois. 

103. Theiqppanmisof cIaim94,furtiliercon]pdsing^ 

5 first and second gas/solid sqiaiation devices, eadi said device in flow 

communication witii tlie inlet conduit; 

means for directing the gases fiom flie inlet conduit into the first or second 
gas/solid separations devices; and 

first and second outlets for directing gas eEEIu^t fix>m the first and second 
10 gas/solid separation devices, respectively* 

104. The apparatus of claim 103, furdxer comprising: 

a first inlet port for introducdng roalmd into the first gas/soU^ 

and 

a second inlet port fen* introdudng material into the second gas/solids separation 

15 device. 

105* An apparatus for the processing of fuDa^enesconiprising: 

means for generating and directing a gaseous effluent comprising suspended soot 
particles and condensable gases fix>m a gaseous effiuent source to a first collection point; 

means for separating a first solid from the gaseous effluent at a first collection 

20 point; 
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means for directing tiie gas stxeam from the first collection point to a second 
coUeclion point; 

means for separating a second solid ficom the gaseous effluent at a second 
collection point; and 

5 t^nperotuie control means for controlling die temperature of the gaseous effluent* 

106. A mettiod of cleaning a gas/solids sqmralions device compdsing a filter, 
comprising: 

during or afl^ separation of soot fitim a carrier gas and collection of the soot on a 
filter, contacting the filter witti an oxidative species at a ten^tatuie that oxidizes the 
10 collected soot. 

107. The method of claim 106, wh^n the fflt^ is a packed bed filt^. 

108. The method of claim 106, wherdn the filter is a c^:amic particulate filter. 

109. The medibd of claim 106, wheiein the filter comprises hi^ temp^»ture alumina 
particles. 

IS 110. Tbemediodof claim 106, wherein die oxidative species comprise 

111. Themethodof claim 106, whereby an inert gas is added to the effluCTit gases of 
the tfaennal regen^cation so as to reduce the tenqperature suffidendy that reaction of 
fuUerenes collected downstream of the thomal legraecation does not occur. 

1 12. The method of claim 106, whereby the effluent gases of the diermal regeneration 
20 are by-passed and do not contact full^enes collected downstream so that reaction does 

not occur. 
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1 13. The method of daun 106, wherdn the filter compdses a catalyst for the oxidation 
of soot 

114. Themetfaodof claim 106, wherein soot oxidation ocGuis con 
separation of soot from the carrier gas. 

S lis. Tliemetfaodof claim 114, wherein die oxidative spedes is introdi^^ 
immediately prior to the soot filter. 

116. A inethod of fuUorene recovery fix>m soot, compcisu^ 

gen^iating a gas stream coinprising suspended soot particles and condensable 
gases, said cond^isable gases con^risiag gaseous fiiUerenes; 

10 separating at least a portion of the condensable gases from the suspended soot 

particles using a filter; 

dndng or after separation and collection of soot fix>mfhe condensable gases on a 
filter, contacting the filter with an oxidative species at a temperature that oxicUzes the 
coDected soot; and 

15 condensing and coUecting fiiUerenes from tiie condensable gases downstream 

from tiie soot filt^. 

1 17, A method of processing fuUerenes comprising the steps of: 

gen^ating a gas stream coitiqaising suspended soot particles and condensable 
gases, said condensable gases comprising gaseous fuller^es; 

20 condensing at least a portion of the cond^able gases; 

collecting the soot and condensed condensable gases at a collection location; 
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heating the collected soot and condensed condensable gases to sublime at least a 
fuUeiCTe species; and 

condensing the sublimed fullerene species. 

1 18. The method of claim 117, whocdn the soot and condensed condensable gases are 
S collected on a filter and are sublimed using heated innt gases. 

1 19. The method of claun 1 17, wh^ein flie soot and cond^ised condensable gases are 
collected on a filtCT and are sublimed in a combustion device opoated in non-sooting 
conditions. 

120. A method of processing fuUeienes comprising the steps o£ 

10 generating a gas stream comprising suspended soot particles and condensable 

gases, said condensable gases contprising gaseous fidlerenes, 

separating at least a portion of the condensable gases firom the suspended soot 
particles using a gas/solid separations process; 

condensing at least a portion of the fifflerenes in flie condensable gases after 
15 separation of at least a portion of the condrasable gases from soot; and 

collecting the condensed fkillerenes. 

121. The method of claim 120, further conptising: 

heatmg the coUected fidlerenes to sublime at least a ftiUerone 
condensing the sublimed fullerene species. 
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FIGURE 10 



